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I.  INTRODUCTION 


Globally,  an  average  of  80  tropical  cyclones  (TCs)  form  over  the  tropical  oceans 
each  year,  of  which  nearly  two  thirds  reach  severe  tropical  cyclone  strength  (McBride 
1995).  These  severe  storms  are  capable  of  causing  mass  destruction  of  life  and  property 
and  pose  a  continual  threat  to  military  installations  and  fleet  assets  worldwide.  One  of  the 
ways  to  reduce  this  threat  is  to  study  the  genesis  stages  of  the  TC.  These  studies  have 
enabled  meteorologists  to  give  the  military  decision  makers  advanced  warning  that  a  TC 
is  developing  and  to  issue  timely  warnings,  and  thus  have  prevented  loss  of  life  and 
minimized  property  damage. 

There  are  many  ways  in  which  TCs  can  form.  Recent  studies  suggest  that  many 
TCs  form  from  a  large  cloud  system  called  a  mesoscale  convective  system  (MCS).  This 
thesis  will  use  collocated  polar-orbiting  microwave  and  geostationary  infrared/visible 
satellite  imagery  to  document  the  role  of  MCSs  in  the  genesis  of  TCs. 

A.  DEFINITION  OF  A  MESOSCALE  CONVECTIVE  SYSTEM 

The  warm  tropical  oceans  are  the  breeding  grounds  for  TCs.  These  regions  are 
characterized  by  large  amounts  of  convective  clouds  of  all  sizes.  The  air  masses  over  the 
tropical  oceans  are  continuously  heated  from  below  and  convection  acts  to  mix  the  air 
vertically  (Houze  1993).  These  convective  clouds  form  thunderstorms,  which  can  occur 
independently  or  in  groups.  A  large  group  or  complex,  which  is  referred  to  as  a  MCS,  is 
the  largest  member  of  the  family  of  convective  clouds  (Houze  1993).  Houze  (1993) 
defines  a  MCS  as  a  cloud  system  that  occurs  in  connection  with  an  ensemble  of 
thunderstorms  and  produces  a  contiguous  precipitation  area  ~ 100  km2  or  more  in 
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horizontal  scale  in  at  least  one  direction.  Although  MCSs  can  occur  in  a  variety  of  forms, 
all  MCSs  can  be  divided  into  two  distinct  cloud  types:  convective  and  stratiform  (Houze 
1997).  Convective  regions  are  characterized  by  strong  updrafts  and  downdrafts  that  can 
range  in  horizontal  scale  from  a  few  kilometers  to  30  km.  These  regions  are  associated 
with  heavy  rain  and  can  have  updraft  velocities  up  to  10  m/s.  Stratiform  regions  can 
extend  for  hundreds  of  kilometers  and  will  have  precipitation  that  is  less  intense  and  more 
uniformly  spread  throughout  this  region.  Research  radar  studies  reveal  that  the  stratiform 
regions  of  MCSs  contribute  about  30-60%  of  the  total  precipitation  of  these  systems 
(McGaughey  and  Zipser  1996).  These  stratiform  regions  are  characterized  by  mean 
ascent  above  the  freezing  level  and  mean  descent  below  the  freezing  level  (McGaughey  et 
al.  1996). 

B.  LIFE  CYCLE  OF  A  MCS 

The  MCS  may  live  as  short  as  a  few  hours  or  as  long  as  2-3  days  (Houze  1993). 
The  precipitation  area  of  a  MCS  exhibits  a  characteristic  life  cycle  that  is  divided  by 
Houze  (1993)  into  four  stages  that  are  schematically  illustrated  in  Fig.  1.1  as  they  would 
appear  on  radar. 

The  formative  stage  (Fig.  1.1a)  consists  of  a  group  of  isolated  convective  cells  that 
may  be  arranged  uniformly  in  the  horizontal  or  in  a  line.  In  the  intensifying  stage  (Fig. 
1.1b),  the  cells  grow  and  merge  to  form  a  contiguous  rain  area  in  which  several  relatively 
intense  cores  of  precipitation  are  interconnected  by  lighter  precipitation.  The  mature 
stage  (Fig.  1.1c)  occurs  when  a  large  stratiform  region  develops  from  older  cells  blending 
together  as  they  begin  to  weaken.  Each  convective  cell  goes  through  a  life  cycle,  and 
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Figure  1.1.  Schematic  of  the  life  cycle  of  the  precipitation  area  of  a 
mesoscale  convective  system  as  it  would  appear  on  radar  in  horizontal 
and  vertical  cross  sections  during  (a)  formative,  (b)  intensifying, 

(c)  mature,  and  (d)  dissipating  stages.  The  outside  contour  of  radar 
reflectivity  represents  the  weakest  detectable  echo.  The  inner  contours 
are  for  successively  higher  reflectivity  values.  Heavy  arrows  indicate 
the  direction  of  the  wind  relative  to  the  system  (Houze  1993). 
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when  it  weakens  becomes  a  part  of  the  stratiform  region.  When  several  neighboring  cells 
reach  this  stage,  they  may  become  indistinguishable  and  form  an  extensive  stratiform 
region  as  large  as  200  km  in  horizontal  direction  (Houze  1993).  As  clouds  and 
precipitation  are  detrained  from  the  tops  of  active  cells,  the  upper-level  winds  carry  the 
condensate  away  from  the  rain  area  and  an  overhang  of  radar  echo  can  form  as  shown  in 
Figure  1.1c.  In  the  dissipation  stage  (Fig  l.ld),  the  formation  of  new  convective  cells 
diminishes,  and  the  stratiform  area  begins  to  weaken  and  dissipate. 

C.  RECENT  STUDIES  OF  MCS  STRUCTURE 

Over  the  past  two  decades,  several  studies  have  been  conducted  on  the  structure  of 
the  MCS.  The  first  such  study  in  1974  was  called  the  Global  Atmospheric  Research 
Programme  (GARP)  Atlantic  Tropical  Experiment  (GATE)  (Houze  1997).  This 
experiment  collected  radar  observations  of  stratiform  regions  in  the  Intertropical 
Convergence  Zone  (ITCZ)  off  the  west  coast  of  Africa.  These  observations  indicated  that 
both  convective  and  stratiform  radar  echoes  occurred  in  a  regime  in  which  the  clouds  are 
generated  entirely  by  atmospheric  convection  (Houze  1997). 

The  GATE  radar  program  gave  scientists  the  first  good  look  at  the  structure  of 
tropical  MCS  stratiform  regions.  Unfortunately,  radar  does  not  give  a  complete  depiction 
of  the  microphysical  structure  of  the  entire  MCS.  The  absence  of  cloud  microphysics 
observations  over  the  tropical  oceanic  regions  has  made  this  study  difficult.  The  use  of 
high-resolution  passive  microwave  observations  is  one  way  to  overcome  this  deficiency. 
Passive  microwave  observations  are  currently  measured  by  two  systems:  the  Special 
Sensor  Microwave  Imager  (SSM/I)  on  polar-orbiting  satellites  and  the  Advanced 
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Microwave  Precipitation  Radiometer  (AMPR)  deployed  on  high-flying  aircraft. 

The  first  study  to  use  AMPR  data  was  the  Tropical  Ocean  Global  Atmosphere 
Coupled  Ocean-Atmosphere  Response  Experiment  (TOGA  COARE)  (McGaughey  and 
Zipser  1996)  during  1  November  1992  to  28  February  1993.  This  was  a  large  field 
experiment,  which  used  Doppler  radar  on  ships  and  the  AMPR  on  aircraft,  to  study  MCSs 
over  the  western  tropical  Pacific.  These  data,  collected  in  both  convective  and  stratiform 
precipitation,  are  by  far  the  most  comprehensive  such  AMPR  measurements  over  the 
tropical  ocean  to  date  (McGaughey  and  Zipser  1996). 

D.  ROLE  OF  MCS  IN  TC  FORMATION 

Zehr  (1992)  has  proposed  a  two-stage  TC  formation  model  based  on  satellite 
imagery  in  which  MCSs  play  a  critical  role  in  TC  genesis.  Stage  one  consists  of  vigorous 
convection  within  a  MCS.  A  mid-level  mesoscale  convective  vortex  (MCV)  forms  in  the 
stratiform  region  and  remains  after  the  MCS  dissipates.  After  the  stratiform  cloud  shield 
dissipates,  the  MCV  may  be  seen  on  satellite  imagery  as  a  low-level  circulation  center 
(LLCC).  A  time  period  of  between  12  hours  to  several  days  may  occur  until  the  next 
stage  begins.  Stage  two  begins  with  deep  convection  associated  with  the  LLCC.  This  is 
the  time  that  the  circulation  is  designated  as  a  tropical  depression. 

Two  critical  components  of  the  Zehr  conceptual  model  are  development  of  the 
MCV  at  midlevels  and  its  downward  extension  to  low  levels.  Without  the  extension  to 
low  levels,  the  MCV  cannot  tap  surface  energy  sources,  which  enable  development  into 
stage  two.  Chen  and  Frank  (1993)  propose  that  a  cloud  cluster  can  make  the  transition 
from  an  unorganized  system  to  a  tropical  depression  in  less  than  a  day  in  association  with 
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a  MCS  in  a  moist-neutral  environment.  The  concentrated  vertical  ascent  and  latent  heat 
release  in  the  stratiform  region  of  a  MCS  contributes  to  the  formation  of  a  MCV  in  the 
mid-levels  (Chen  and  Frank  1993).  The  mechanism  by  which  the  MCV  translates 
downward  and  taps  into  the  heat  and  moisture  sources  of  the  planetary  boundary  layer 
remains  unknown. 

Ritchie  and  Holland  (1997)  suggest  that  within  a  MCS  stratiform  region, 
mesoscale  convergence  and  stretching  near  the  stratiform  cloud  base  produces  a  positive 
potential-vorticity  (PV)  anomaly  that  forms  the  MCV.  The  MCV  can  develop  vertically 
by  increasing  the  horizontal  size  of  its  PV  perturbation  or  by  decreasing  its  local  vertical 
temperature  gradient,  which  partitions  more  of  the  PV  into  its  relative  vorticity 
component  (Ritchie  and  Holland  1997).  As  the  MCV  grows  horizontally,  it  stretches  and 
expands  upward  into  the  troposphere  and  downward  to  the  surface. 

Bister  and  Emanuel  (1997)  suggest  that  downdraft  evaporation  associated  with 
rain  falling  from  the  stratiform  portion  of  the  MCS  cools  the  lower  troposphere  and 
contributes  to  the  spinup  of  a  mid-level  MCV.  After  some  time  during  which  continuous 
rain  is  assumed,  the  lower  levels  of  the  stratiform  portion  become  saturated  and  unstable 
to  deep  convection  via  surface  heat  flux,  which  enables  the  MCV  to  expand  downward 
and  changes  the  low-level  cold  core  to  warm  core.  Their  model  suggests  that  for  the 
warm  core  development  to  occur,  the  stratiform  rain  must  last  long  enough  to  drive  the 
MCV  down  to  the  boundary  layer  (Bister  and  Emanuel  1997). 

Finta  (1997)  hypothesized  that  the  structure  of  MCSs  during  TC  formation  may 
determine  future  aspects  of  the  TC,  such  as  size  and  intensity.  Therefore,  the  role  of 
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MCSs  in  TC  genesis  is  very  important  and  has  been  studied  extensively  in  recent  years 
(Elsberry  et  al.  1995). 

E.  PREVIOUS  STUDIES  CATEGORIZING  TC  FORMATION  TYPES 

The  Tropical  Cyclone  Motion  (TCM-93)  mini-field  experiment  studied  the  effects 
of  a  MCS  in  a  monsoon  trough  in  the  western  North  Pacific  and  its  relationship  to  TC 
genesis.  The  study  suggested  that  the  structure  of  the  MCS  provided  a  mid-level 
subsynoptic  contribution  to  the  vorticity  of  the  monsoon  depression  and  contributed  to  a 
shift  in  the  center  of  the  monsoon  depression  toward  the  MCS  (Harr  et  al.  1996).  As  this 
MCS  dissipated,  the  monsoon  depression  began  to  organize  around  a  new  MCS.  Harr  et 
al.  (1996)  hypothesized  that  the  subsynoptic  processes  in  both  MCSs  contributed  to  the 
concentration  of  the  monsoon  depression  center  and  transformed  it  into  a  TC. 

Finta  (1997)  observed  13  developing  TCs  using  high  space  and  time  resolution 
satellite  imagery  and  categorized  pathways  for  TC  genesis  as  mesoscale,  synoptic,  and 
combination.  The  first  pathway  is  more  strongly  dependent  on  the  activity  of  the 
mesoscale  components.  The  second  pathway  is  characterized  by  large-scale 
environmental  effects.  The  third  is  a  combination  of  the  two,  as  indicated  above  in  the 
TCM-93  case  study  by  Harr  et  al.  (1996). 

F.  OBJECTIVES  OF  THIS  THESIS 

This  thesis  will  use  visible  and  infrared  imagery  from  the  geostationary 
meteorological  satellite  GMS-5  collocated  with  passive  microwave  observations  from  the 
SSM/I  on  polar-orbiting  Defense  Meteorological  Satellite  Program  (DSMP)  satellites. 
The  snapshots  of  microwave  data  will  be  combined  with  the  continuous  GMS-5  images 
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to  document  the  evolution  of  MCSs  during  the  formative  stages  of  two  TCs,  and  contrast 
the  MCS  role  in  a  non-developing  TC.  The  microwave  imagery  is  at  frequencies  of  19.35 
GHz,  which  is  correlated  with  integrated  rain  water  in  an  atmospheric  column,  and  85.5 
GHz,  which  is  correlated  with  the  scattering  of  ice  crystals.  Signatures  of  the  MCV  will 
be  examined  using  both  of  these  channels  separately  and  in  linear  combination  to  deduce 
a  total  rain  rate.  The  developing  TCs  will  be  categorized  by  the  locations,  percent 
coverage,  and  rain  rates  of  the  associated  MCS.  Non-developing  storms  and  their 
associated  MCSs  will  also  be  compared  to  determine  the  cause  of  non-development. 
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II.  METHODOLOGY 


A.  DATA 

The  primary  data  for  this  thesis  are  the  high  temporal  and  spatial  resolution 
imagery  from  the  Japanese  Geostationary  Meteorological  Satellite  (GMS-5)  and  the 
polar-orbiting  Defense  Meteorological  Satellite  Program  (DMSP  F-10,  F-l  1,  F-13,  F-14). 
To  observe  the  life-cycle  stages  of  the  MCS  in  a  continuous  manner,  hourly  visible  and 
infrared  images  are  animated  over  a  grid  from  0°  to  30°  N  and  1 15°  E  to  175°  E. 
Instantaneous  snapshots  from  SSM/I  images  in  the  frequency  bands  of  19.35  GHz  and 
85.5  GHz  allow  a  more  detailed  analysis  of  the  cloud  structure  and  rain  rates  in  the  MCS. 
The  analyzed  systems  are  selected  from  the  western  North  Pacific  during  10  June  1997 
through  31  October  1997  after  exclusion  of  cases  with  extended  or  multiple  gaps  in  the 
imagery.  Analysis  methods  include  animation  of  the  GMS  imagery  and  use  of  an 
objective  tracking  program  created  by  Dr.  P.  Harr  that  follows  the  movement  of  each 
individual  MCS.  Analyzed  wind  fields  from  the  Naval  Operational  Global  Atmospheric 
Prediction  System  (NOGAPS)  are  used  to  determine  the  low-level  and  upper-level 
synoptic-scale  environments. 

All  software  packages  are  run  on  the  IRIS  5.3  UNIX  system  on  Silicon  Graphics 
Indigo  workstations.  The  hourly  GMS-5  imagery  with  a  resolution  of  1  km  in  the  visible 
(from  20-07  UTC)  and  4  km  in  the  infrared  is  processed  with  the  Terrascan  (TSCAN) 
software  package.  The  TSCAN  program  allowed  latitude  and  longitude  gridding  to  be 
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overlaid  on  the  imagery,  as  well  as  zooming,  coloring,  and  pixel  enhancement  of  the 
infrared  images,  and  forward  and  backward  animation.  For  animation  purposes, 
remapped  GMS  imagery  has  an  8-km  resolution.  One  disadvantage  of  the  SSM/I 
microwave  data  is  that  the  85.5  GHz  microwave  channel  has  a  footprint  at  the  zenith 
point  of  15  km  by  13  km,  and  the  19.35  GHz  channel  has  a  footprint  of  69  km  by  43  km. 
The  collocated  GMS  and  DMSP  imagery  are  remapped  to  a  25-km  grid  Mercator 
projection  for  detailed  analyses.  Thus,  the  GMS  image  resolution  is  considerably 
degraded,  the  85  GHz  microwave  data  is  slightly  degraded,  and  the  19.35  GHz  data 
resolution  is  artificially  enhanced. 

B.  ANALYSIS  PROCEDURES 

The  goal  is  to  analyze  the  characteristics  of  MCSs  that  were  present  in  two 
developing  TCs  (developers),  and  compare  these  with  MCSs  in  systems  that  were  thought 
to  be  developing  into  TCs  but  did  not  (non-developers).  The  MCSs  studied  here  are  a 
small  subset  of  the  MCSs  in  developing  and  non-developing  TCs,  as  well  as  other  MCSs 
separate  from  the  TCs  that  are  part  of  the  population  of  general  convective  systems 
followed  during  1997.  The  MCSs  in  the  developing  TCs  are  defined  by  following  a  TC 
backward  in  time  to  identify  the  MCS(s)  that  contributed  to  the  overall  organization  of 
the  total  circulation.  The  set  of  MCSs  that  were  thought  to  have  a  potential  to  contribute 
to  TC  development,  but  did  not,  were  identified  from  Tropical  Cyclone  Formation  Alerts 
(TCFA)  that  were  issued  by  the  Joint  Typhoon  Warning  Center  (JTWC)  and  then 
canceled  due  to  lack  of  TC  development.  The  JTWC  issues  a  TCFA  whenever  synoptic, 


10 


satellite,  or  other  germane  data  indicate  development  of  a  significant  TC  is  likely  within 
24  h. 

1.  Use  of  GMS  Data 

The  primary  use  of  the  GMS  data  is  to  define  the  overall  MCS  characteristics, 
such  as  size,  cloud-top  temperatures,  and  duration.  For  developers,  the  infrared  (IR)  and 
visible  imagery  are  used  to  identify  individual  MCSs  that  appear  to  have  contributed  to 
the  TC  development.  Animated  three-hourly  IR  imagery  is  first  used  to  view  the  life- 
cycle  stages  of  the  MCS(s),  and  then  hourly  imagery  is  cataloged  to  define  specific  MCS 
characteristics.  A  similar  procedure  is  used  to  define  the  characteristics  of  MCSs  for  the 
case  in  which  a  TCFA  was  issued  and  later  canceled. 

As  mentioned  above,  an  objective  tracking  program  developed  by  Dr.  P.  Harr  was 
used  to  track  the  movement  of  each  individual  MCS  in  the  hourly  GMS  imagery.  The 
tracking  program  is  able  to  detect  the  movement  of  MCSs  from  the  IR  imagery  based  on 
two  threshold  cloud-top  temperatures  that  may  be  set  by  the  operator.  Based  on  Chen  et 
al.  (1996),  a  cloud-top  temperature  of  235  °K  is  used  to  indicate  overall  MCS  coverage, 
and  a  cloud-top  temperature  of  208  °K  is  used  to  indicate  the  boundary  of  the 
precipitating  core  of  deep  convection.  A  MCS  is  tracked  when  at  least  five  contiguous 
image  scan  lines  contain  overlapping  pixels  (at  25  km  resolution)  at  the  appropriate 
threshold  temperature  for  at  least  three  continuous  hours.  The  program  terminates  the 
tracking  process  when  less  than  five  contiguous  image  scan  lines  of  the  threshold 
temperature  exist. 
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In  addition  to  MCS  tracks,  the  size,  shape,  and  duration  of  each  MCS  are 
calculated.  The  MCS  size  and  shape  characteristics  are  defined  from  the  irregular  pixel 
edges  satisfying  the  threshold  temperature  criteria.  The  distances  from  the  center  of  the 
contiguous  scan  lines  to  these  edges  are  fit  with  a  bivariate  normal  distribution  to  define 
an  ellipse  that  contains  a  95  percentage  of  the  MCS  area.  Coverage  statistics  for  the  MCS 
sets  in  developing  versus  non-developing  TCs  are  obtained  by  cross  referencing  the 
MCSs  that  were  subjectively  determined  to  be  in  these  categories  with  the  parameters 
defined  by  the  objective  tracking  system. 

2.  Use  of  SSM/I  Data 

The  SSM/I  data  may  be  used  to  define  a  more  detailed  MCS  cloud  structure 
because  the  microwave  radiance  emanates  from  within  the  clouds  rather  than  at  the  cloud 
top  as  in  the  infrared  imagery.  The  passive  microwave  retrievals  of  the  SSM/I  are  grouped 
into  two  categories.  The  lower  frequency  (19.35  GHz)  is  emission-based,  where  liquid 
precipitation  in  the  MCS  causes  brightness  temperature  increases  over  a  radiametric  cold 
(ocean)  background.  The  higher  frequency  (85.5  GHz)  is  scattering-based,  in  which 
precipitation  particles,  particularly  above  the  freezing  level,  cause  brightness  temperature 
decreases  over  a  radiametrically  warm  background.  Thus,  the  upwelling  brightness 
temperatures  measured  by  the  SSM/I  are  functions  of  the  total  liquid  water  and  ice 
amounts  in  clouds  (McGaughey  et  al.  1996). 

Although  the  ocean  surface  has  a  low  emissivity  at  85.5  GHz,  the  emissivity  is  a 
strong  function  of  polarization  for  the  oblique  viewing  angles  of  the  SSM/I  (Spencer  et  al. 
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1989).  For  oceanic  systems,  the  low  brightness  temperatures  caused  by  low  emissions 
can  be  confused  with  low  brightness  temperatures  caused  by  ice  scattering  (Mohr  and 
Zipser  1996).  To  compensate  for  this  background  effect,  a  polarization-corrected 
temperature  (PCT)  is  required.  As  defined  by  Spencer  et  al.  (1989),  the  PCT  is  calculated 
from  the  85.5  GHz  horizontally  (T85h)  and  vertically  (T85v)  polarized  brightness 
temperatures  by  the  following  formula: 

PCT  =  1.818(T85h)  -  0.818(T85v).  (1) 

In  the  following  sections,  reference  to  85.5  GHz  brightness  temperatures  will  be  to  this 
PCT. 

Different  threshold  temperatures  from  the  SSM/I  data  can  be  used  to  identify 
regions  with  varying  rain  rates  in  the  MCS.  At  19.35  GHz,  a  220  °K  brightness 
temperature  threshold  corresponds  to  an  average  rain  rate  of  about  3  mm/h,  which  was 
derived  from  radiative  transfer  modeling  by  Wilheit  et  al.  (1977)  and  Savage  (1976). 
Similarly,  a  255  °K  threshold  at  85.5  GHz  is  also  3  mm/h  (Spencer  et  al.  1989).  By 
specifying  these  threshold  temperatures,  identification  of  the  convective  and  stratiform 
regions  under  the  cirrus  shield  becomes  possible. 

For  this  study,  a  technique  defined  by  Liu  and  Curry  (1992)  is  used  to  define  a 
threshold  relationship  between  brightness  temperature  and  rain  rate.  Precipitation 
thresholds  are  based  on  a  10-day  history  of  the  difference  between  T19h  and  T85h 
brightness  temperatures.  The  minimum  in  this  difference  relative  to  the  T19h 
temperature  has  been  shown  to  be  related  to  the  onset  of  precipitation  (Liu  and  Curry 
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1992).  The  threshold  temperature  (Tra)  at  19.35  GHz  is  defined  as  the  minimum 
difference  between  the  T19h  and  T85h  temperatures.  The  Liu  and  Curry  (1992)  rain  rate 
algorithm  is  defined  as: 

R-«(aTb-aT,J\  (2) 

where  aTb  =  T19h  -  T85h  and  ATbo  =  TTO  -  T85h.  The  coefficients  «  and  y  are  defined  to 
account  for  non-uniform  rainfall  within  one  satellite  pixel,  which  is  referred  to  as  the 
beamfilling  problem.  Liu  and  Curry  (1992)  define  «  =  5.5  x  10'3  and  y  =  1.6.  The 
primary  advantages  of  this  algorithm  are  that  it  accounts  for  both  emission  and  scattering 
signals  and  the  precipitation  threshold  is  defined  from  SSM/I  data  that  are  current  to  the 
period  rather  than  a  climatological  reference  state. 

C.  SATELLITE  CLOUD  CLASSIFICATION 

In  this  study,  the  cloud  classification  scheme  uses  both  satellite  infrared  and 
microwave  data  similar  to  the  method  used  by  Liu  et  al.  (1995).  The  GMS  infrared  data 
are  used  to  determine  the  cloud-top  temperature,  and  the  SSM/I  microwave  data  are  used 
to  determine  an  index  that  includes  both  microwave  scattering  and  emission. 

The  GMS  infrared  data  are  used  to  separate  cloudy  from  clear-sky  pixels  and  to 
determine  cloud-top  temperature.  After  determining  the  distribution  of  cloud-top 
temperatures,  a  high  brightness  temperature  (Tmax )  is  defined  as  the  median  temperature 
over  the  warmest  portion  of  the  distribution.  If  a  pixel  has  a  brightness  temperature  lower 
than  Tmax  -  3  °K,  it  is  then  categorized  as  a  cloudy  pixel,  and  all  pixels  with  higher 
temperatures  than  this  threshold  are  defined  as  cloud-free.  The  3  °K  threshold  is  similar 
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to  the  value  (2.5 °K)  used  by  Rossow  and  Schiffer  (1991).  It  is  found  that  Tmax  ranges 
from  292 °K  to  297  °K  in  the  tropical  regions  (Liu  et  al.  1995). 

A  “microwave  index”  f  is  defined  by  Liu  et  al.  (1995)  to  represent  the  strength  of 
the  microwave  signal  from  a  cloudy  pixel: 

f  =  (1-D/D0)  +  2(1-PCT/PCT0),  (3) 

where  D  =  T19v  -  T19h  represents  the  polarization  at  19  GHz,  T19v  and  T19h  are  the 
vertically  and  horizontally  polarized  brightness  temperatures  respectively,  and  D0  is  the  D 
value  at  the  threshold  for  precipitation.  Similarly,  PCT0  is  the  PCT  value  at  the  threshold 
for  the  onset  of  precipitation.  The  precipitation  threshold  is  determined  according  to  Liu 
and  Curry  (1992)  as  defined  above  with  reference  to  the  rain  rate  algorithm.  The  first 
term  on  the  right  side  of  (3)  represents  the  microwave  emission  signal,  and  the  second  is 
the  microwave  scattering  signal,  so  that  the  index  f  accounts  for  both  emissions  and 
scattering. 

The  relationship  between  the  microwave  index  (f)  and  the  rain  rate  derived  from 
SSM/I  data  of  a  single  MCS  on  24  August  1997  is  shown  in  Figure  2.1.  The  rain  rate 
increases  with  f,  is  zero  when  f  equals  zero,  and  about  9  mm/h  when  f  is  about  1.6. 

As  mentioned  above,  the  microwave  index  f  is  a  good  indicator  of  rainfall  rate, 
which  can  then  be  used  to  identify  convective  and  stratiform  regions  of  the  MCS. 
Following  Liu  et  al.  (1995),  a  satellite  pixel  is  classified  into  one  of  eight  categories 
(Figure  2.2)  based  on  the  microwave  index  f  and  the  GMS  cloud-top  temperature:  (1) 
warm,  nonprecipitating  cloud;  (2)  warm,  precipitating  cloud;  (3)  mid-level, 
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f  (microwave  index) 


Figure  2.1.  Relationship  between  microwave  index  f  derived  from  SSM/I  data  and  rain 
rate  for  life  cycle  of  MCS  A  associated  with  Super  Typhoon  Bing. 


16 


CLOUD  TOP  TEMPERATURE  (C) 


THIN 

DEEP 

ANVIL  WITH 

DEEP 

HIGH-LEVEL  NON- 

HIGH-LEVEL  NON- 

STRATIFORM 

CONVECTIVE 

PRECIPITATING 

PRECIPITATING 

PRECIPITATING 

PRECIPITATING 

CLOUD 

CLOUD 

CLOUD 

CLOUD 

5 

6 

7 

00 

MID-LEVEL 

MID-] 

LEVEL 

NONPRECIPITATING  CLOUD 

PRECIPITATING  CLOUD 

3 

4 

WARM  . 

WARM 

NONPRECIPITATING  CLOUD 

PRECIPITATING  CLOUD 

1 

2 

-0.25  0.0  0.75 

f  (MICROWAVE  INDEX) 


Figure  2.2.  Diagram  of  microwave  index  f  versus  cloud-top  temperature  for  cloud 
classification  (after  Liu  et  al.  1995). 
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nonprecipitating  cloud;  (4)  mid-level,  precipitating  cloud;  (5)  thin  high-level 
nonprecipitating  cloud;  (6)  thin  high-level  precipitating  cloud;  (7)  anvil  with  stratiform 
precipitating  cloud;  and  (8)  deep  convective  precipitating  cloud.  Cloud-top  temperatures 
that  are  higher  than  Tmax  -  3,  where  Tmax  is  chosen  from  the  thresholds  defined  for  each 
image,  are  classified  as  cloud-free. 

With  the  above  data  evaluation  methods,  instantaneous  snapshots  of  SSM/I  data 
can  be  used  to  determine  rain  rate,  which  characterizes  the  intensity  of  the  convective  and 
stratiform  regions.  The  microwave  index  in  conjunction  with  GMS  imagery  determines 
cloud  type,  which  makes  identification  of  the  convective  and  stratiform  regions  easier. 
This  information  can  be  used  in  conjunction  with  a  sequence  of  hourly  GMS  imagery 
until  the  next  SSM/I  overpass  to  define  the  temporal  evolution  of  each  type  of  MCS,  and 
thus  its  contribution  to  TC  genesis. 
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III.  CASE  STUDIES 


Tropical  systems  were  categorized  by  MCS  characteristics  as  discussed  in  Chapter 
II.B.  and  C.  This  chapter  will  discuss  three  case  studies  in  detail  using  the  techniques 
discussed  earlier.  The  three  case  studies  are  Super  Typhoon  (ST)  Bing,  ST  Ivan,  and  two 
MCSs  during  a  TCFA  that  did  not  develop  into  a  TC. 

A.  SUPER  TYPHOON  BING 

1.  Overall  Evolution 

ST  Bing  was  a  large  TC  in  the  western  North  Pacific  during  late  August  1997 
(Figure  3.1).  A  pre-Bing  tropical  disturbance,  which  is  identified  as  MCS  A  in  Figure 
3.2,  formed  well  east  of  the  monsoon  trough.  The  MCS  A  track  begins  at  1 330  UTC  24 
August  1997  as  a  cloud  cluster  at  approximately  8°N,  170°E  and  grows  rapidly  through 
the  nighttime  diurnal  maximum  period  (Figure  3.3).  The  MCS  moved  westward  as  it 
progressed  through  the  life-cycle  stages  discussed  in  Chapter  I.B.  During  one 
development  period,  the  MCS  exhibited  deep  convection  with  a  nearly  circular  anvil 
(Figure  3.4).  Following  this  development  cycle,  the  MCS  broadened  and  convection 
became  concentrated  in  distinct  cells,  which  were  embedded  within  a  broad  stratiform 
cloud  region  (Figure  3.5).  Rotation  became  evident  at  this  time  as  the  curved  low-level 
cloud  bands  became  exposed.  Although  the  area  of  the  circulation  expanded  (Figure  3.6), 
convection  remained  along  the  periphery  with  new  convection  being  forced  in  the 
confluent  southwesterly  flow.  The  deep  convection  that  defined  MCS  A  finally 
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Figure  3.1.  Super  Typhoon  Bing  (19W)  best  track  from  JTWC  each  6  h  from  24  August 
to  6  September  1997.  The  minimum  sea-level  pressure  (not  shown)  was  904  mb  and  the 
maximum  intensity  was  135  kt. 
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are  the  track  of  the  235  °K  temperature  core  of  the  MCS,  and  the  dashed  lines  with  lower  case 
letters  are  the  track  of  the  208  °K  temperature  core  of  the  MCS. 


Figure  3.3.  GMS  JR  image  of  MCS  A  at  2132  UTC  24  AUG  97. 


Figure  3.4.  GMS  IR  image  of  MCS  A  at  0932  UTC  25  AUG  97. 
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Figure  3.5.  GMS  ER  image  of  MCS  A  at  1932  UTC  25  AUG  97. 


Figure  3.6.  GMS  IR  image  of  decaying  MCS  A  at  1232  UTC 
26  AUG  97. 
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dissipated  at  approximately  1700  UTC  26  August  1997  near  9°N,  154°E  after  having 
persisted  for  more  than  5 1  h  and  traveled  westward  about  16°  longitude  (Figure  3.1). 

After  the  cirrus  shield  thinned  at  1930  UTC  26  August  1997  (Figure  3.7),  it 
became  evident  that  the  broad  circulation  was  not  maintained  and  a  circulation  center 
seemed  to  be  located  to  the  southwest  where  new  convection  appeared.  A  new  MCS 
began  to  develop  in  this  region  at  0030  UTC  27  August  1997  (Figure  3.8),  which  is 
labeled  MCS  B  in  Figure  3.2.  The  first  TC  warning  was  issued  by  JTWC  as  Tropical 
Depression  (TD)  19W  at  0600  UTC  27  August  1997  (Figure  3.9),  as  a  weak  cyclonic 
circulation  became  evident  even  though  MCS  B  was  actually  dissipating.  Over  the  next 
two  hours,  the  deep  convection  in  MCS  B  moved  rapidly  westward  and  began  to 
dissipate  (Figure  3.10).  New  convection  formed  (MCS  C  in  Figure  3.2)  in  the  low-level 
confluent  flow  to  the  southwest,  which  coincides  with  the  initial  warning  position  issued 
by  JTWC.  MCS  C  followed  a  similar  track  (Figure  3.2)  to  MCS  B  and  also  dissipated 
once  it  became  separated  from  the  low-level  southwesterly  flow. 

As  MCS  C  decayed,  new  convection  (MCS  E)  again  formed  to  the  east  and 
slightly  south  (Figure  3.2).  Also,  there  was  an  increase  in  overall  convective  activity  in 
the  broad  southwesterly  flow  (Figure  3.1 1)  farther  to  the  south  (MCS  D  in  Figure  3.2), 
which  suggests  that  conditions  for  further  organization  were  improving.  During  the  life 
cycle  of  MCS  E,  the  entire  circulation  seemed  to  organize  about  it  (Figure  3.1 1). 
Whereas  a  multitude  of  individual  MCS  elements  within  the  overall  convective  complex 
had  cyclonically  curved  paths  and  variable  translation  speeds  from  formation  to 
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Figure  3.7.  GMS  JR  image  at  1932  UTC  26  AUG  97. 


MCS  B 


Figure  3.8.  GMS  IR  image  of  MCS  B  at  0032  UTC  27  AUG  97. 
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Figure  3.11.  GMS  IR  image  of  MCS  E  at  0732  UTC  28  AUG  97. 
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dissipation  (Figure  3.2),  the  post-storm  analysis  by  JTWC  has  a  straight  track  and  nearly 
uniform  translation  speed  of  15-16  kt. 

The  NOGAPS  200-mb  analysis  field  (not  shown)  suggests  that  MCS  A  decayed 
because  of  moderate  northeasterly  upper-level  wind  shear.  The  NOGAPS  850-mb 
analyses  at  0000  UTC  24  August  1997  and  0000  UTC  25  August  1997  (Figures  3.12a,b) 
depict  a  small  stationary  cyclonic  circulation  near  9°N,  171  °E  that  initially  seems  to  be 
associated  with  the  formation  of  MCS  A  midway  between  these  two  analyses.  This  small 
circulation  moves  into  the  eastern  edge  of  the  monsoon  trough,  which  results  in  a  broad 
eastward  extension  of  the  trough  by  0000  UTC  26  August  1997  (Figure  3.12c). 

Even  though  MCS  B  formed  three  hours  later  in  the  eastern  portion  of  the 
monsoon  trough,  the  circular  nature  of  the  cirrus  in  Figure  3.8  suggests  MCS  B  was 
considerably  less  influenced  by  upper-level  wind  shear  (not  shown)  than  MCS  A.  The 
track  of  MCS  B  (Figure  3.2)  indicates  that  it  moved  westward  into  the  monsoon  trough 
by  0000  UTC  27  August  1997  (Figure  3.12e),  where  there  was  an  environment  of 
cyclonic  vorticity.  However,  after  MCS  B  moved  away  from  the  influence  of  the 
southwesterly  flow,  it  dissipated  and  its  associated  low-level  curved  cloud  lines  also 
dissipated  a  short  time  later.  In  the  interval  between  Figures  3.12e  and  f,  MCS  C  then 
formed  near  12°N,  153  °E  in  westerly  flow  equatorward  of  the  broad  trough,  and  seemed 
to  follow  a  similar  life  cycle  to  MCS  B.  MCS  E  formed  near  10°N,  154°E  in  the 
confluent  southwesterly  flow  as  the  entire  circulation  finally  began  to  organize  (Figure 
3.12e,f). 
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and  mean  sea-level  pressure  analyses  (dashed,  interval  4  mb)  for  0000  UTC  on  (a)  24,  (b)  25  and 
(c)  26  August,  (d)  1 200  UTC  26  August,  (e)  0000  UTC  and  (f)  1 200  UTC  27  August  1997.’ 
Locations  of  the  MCSs  in  Figure  3.2  at  the  times  of  these  analyses  are  shown  by  dots. 


ST  Bing  can  be  classified  as  a  combination-type  TC  formation,  which  is  one 
pathway  to  TC  genesis  proposed  by  Finta  (1997)  that  has  significant  contributions  to  TC 
development  from  both  MCS  and  synoptic-scale  dynamic  forcing.  At  least  three  episodes 
of  MCS  life  cycles  and  associated  circulations  occurred  before  a  fourth  MCS  formed  and 
the  total  circulation  increased.  The  role  of  the  synoptic  scale  was  to  provide  conditions 
favorable  for  repeated  MCS  formation  in  the  confluent  southwesterly  flow  that  defined 
the  equatorward  side  of  the  monsoon  trough.  The  initial  MCS  activity  (MCS  A)  formed 
in  an  area  where  the  synoptic  dynamic  forcing  was  weak.  As  MCS  A  moved  westward 
toward  the  monsoon  trough,  the  center  moved  into  an  area  of  favorable  synoptic-scale 
forcing.  However,  upper-level  shear  seems  to  have  been  responsible  for  the  decay  of 
MCS  A  and  the  associated  cyclonic  circulation.  The  quick  organization  of  MCS  B  and 
then  MCS  C  seemed  to  consolidate  the  generally  open  environment  of  the  monsoon 
trough.  Even  though  these  MCSs  soon  dissipated,  the  synoptic  environment  now  was 
more  favorable  for  the  formation  of  MCS  E. 

In  terms  of  the  NOGAPS  850-mb  analysis  sequence  (Figure  3.12  a-f),  the  small 
circulation  near  9°N,  171  °E  by  0000  UTC  24  August  1997  moved  into  the  eastern  edge 
of  the  trough.  However,  the  NOGAPS  analysis  indicates  an  organized  circulation 
developed  near  14°N,  149°E  at  1200  UTC  26  August  1997,  which  appears  to  be  7° 
longitude  west  of  the  apparent  circulation  that  is  evident  in  Figure  3.6.  Convection 
continued  to  be  forced  farther  to  the  southeast  in  the  low-level  confluence,  rather  than 
being  near  the  center  of  the  synoptic-scale  circulation.  At  0000  UTC  27  August  1997,  a 
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weak  circulation  center  formed  to  the  east  at  5°N,  160°E,  which  reflected  the  formation 
of  the  new  convection  while  the  circulation  at  14°N,  149°E  weakened. 

In  summary,  ST  Bing  is  classified  as  a  combination-type  case  because  of  the 
mutual  interaction  between  the  synoptic  circulation  (indicated  by  the  NOGAPS  850-mb 
analysis  sequence)  and  the  MCS  activity  (indicated  by  the  satellite  imagery).  Even 
though  all  the  ingredients  within  the  monsoon  trough  seemed  to  exist  for  imminent  TC 
formation,  repeated  MCS  activity  was  a  vital  ingredient  that  contributed  to  the  overall 
system  organization. 

2.  MCS  Structure 

As  defined  in  Chapter  II.C,  the  rain  rates  and  cloud  types  are  calculated  for  each 
tracked  MCS.  The  rain  rates  and  cloud  types  for  MCS  A,  B,  C,  D,  and  E  are  defined 
within  the  areal  extent  of  each  MCS.  A  comparison  between  the  stratiform  and 
convective  rain  rates  depicts  the  life  cycles  of  each  MCS  during  the  formation  period  of 
ST  Bing. 

The  time  history  of  the  hourly  ellipse  coverage  for  MCS  A  indicates  the  areal 
growth  and  shape  evolution  of  the  overall  system  (Figure  3.13).  The  area  of  each  MCS  is 
defined  by  a  95%  coverage  ellipse  that  is  determined  by  the  fit  of  a  bivariate  normal 
distribution  to  the  contiguous  pixels  with  satellite  IR  temperatures  less  than  235  °K.  The 
total  area  of  the  ellipse  that  is  covered  by  convective  and  stratiform  cloud  types,  along 
with  the  percent  coverage  of  each  ellipse,  are  then  computed  (Figures  3.14a,b).  During 
the  initial  few  hours,  the  amount  of  convective  and  stratiform  cloud  vary  together.  Near 
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Figure  3.13.  Sequence  of  ellipses  centered  along  the  track  of  MCS  A  from  1330  UTC  24  August 
1997  through  1700  UTC  26  August  1997.  The  dark  ellipse  at  7°N,  170°E  defines  the  beginning 
location  and  the  dark  ellipse  at  8°N,  157°E  defines  the  decay  of  MCS  A. 


Figure  3.14.,  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  A.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  A. 
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00  UTC  25  August  1 997,  a  decrease  in  convective  cloud  coverage  coincides  with  a  large 
increase  in  stratiform  cloud.  A  second  convective  increase  peaks  at  0900  UTC  25  August 
1997  (Figure  3.14a),  when  the  area  of  stratiform  cloud  is  a  minimum,  an  areal  increase  in 
convective  clouds  is  then  followed  by  a  percent  increase  in  stratiform  cloud  that  then 
remains  steady  for  nearly  24  h  (Figure  3.14b).  Also,  the  total  areal  coverage  of  stratiform 
cloud  increases  (Figure  3.14a)  as  the  decaying  MCS  anvil  spreads.  This  suggests  a 
mature  MCS  structure  that  contains  mesoscale  ascent  within  the  stratiform  cloud  over 
sinking  motion  within  the  unsaturated  rain  area  (Houze  1992).  These  mechanisms 
coincide  with  mid-level  convergence  and  vorticity  production.  It  is  during  this  period  that 
rotation  becomes  evident  in  the  curved  cloud  lines  (Figure  3.5).  During  the  decay  stage 
(1200  UTC  26  August  1997),  the  convective  and  stratiform  cloud  areal  coverages 
decrease  rapidly  (Figure  3.14a),  while  the  percent  coverage  of  stratiform  cloud  remains 
steady  (Figure  3.14b). 

The  total  rain  intensities  integrated  over  pixels  containing  each  cloud  type  (Figure 
3.14c)  are  consistent  with  the  cloud-type  history  (Figures  3.14a,b).  During  the  initial 
growth  period,  total  convective  rain  intensity  is  larger  than  the  stratiform  amount. 
Afterwards,  stratiform  rain  increases  when  convective  rain  decreases  and  vice  versa  until 
the  decay  stage  in  which  both  rain  intensities  decreased. 

An  east/west  cross  section  (Figure  3.15)  of  the  SSM/I PCT  and  19  GHz 
temperature  is  constructed  through  MCS  A  at  21 10  UTC  24  August  1997  (Figure  3.16), 
which  corresponds  to  the  time  of  the  second  convective  increase  in  Figure  3.14.  The  cold 
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Temperature  in  K 


Figure  3.15.  East/West  cross  section  through  MCS  A  at  21 10  UTC  24  August  1997 
along  the  line  shown  in  Figure  3.16. 
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Figure  3.16.  GMS IR  image  of  MCS  A  at  2132  UTC  24  August  1997.  The  dark 
horizontal  line  is  the  cross  section  of  MCS  A  for  Figure  3.15. 
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(low)  PCT  values  define  the  intense  convective  activity  via  scattering  caused  by  ice 
particles  suspended  in  the  convective  updraft.  The  high  19  GHz  temperatures  result  from 
emission  due  to  the  low-level  precipitation  falling  in  the  convective  region.  The  cross 
section  indicates  the  primary  convective  updraft  (lowest  PCT)  is  to  the  east  of  the  low- 
level  rainfall  (warmest  19  GHz).  This  microwave  signature  has  been  found  by 
McGaughey  et  al.  (1996)  to  be  indicative  of  a  MCS  that  is  beginning  to  decay. 

The  time  history  of  hourly  ellipse  coverage  for  MCS  B  (Figure  3.17)  indicates 
strong  compact  convection  during  the  early  life  cycle  stage  that  is  quickly  followed  by  a 
broadening  of  the  total  area  as  the  MCS  decayed  rapidly.  During  the  first  3  h,  the  area  of 
convection  is  small  (Figure  3.18a)  with  about  20%  convective  cloud  (Figure  3.18b). 

Even  though  the  convective  cloud  begins  to  decrease  near  0000  UTC  27  August  1997,  a 
large  areal  increase  in  stratiform  cloud  occurs  (Figure  3.18a).  This  single  convective- 
stratiform  event  over  a  short  time  interval  resulted  in  a  larger  area  with  <  235 °K  (Figure 
3.18a)  than  did  the  multi-event,  long-lasting  MCS  A  in  Figure  3.14.  However,  the 
maximum  percentages  of  convective  and  stratiform  clouds  (Figure  3.18b)  are  about  the 
same  at  20%  and  40%,  respectively.  During  the  decay  period,  stratiform  coverage 
remains  uniform,  which  may  have  contributed  to  the  formation  of  a  MCV  that  is  revealed 
when  the  cirrus  shield  dissipates  (Figure  3.9).  At  the  time  when  the  percent  of  convection 
decreases  (0000  UTC  27  August  1997),  the  contribution  to  total  rainfall  intensity  from  the 
stratiform  clouds  becomes  larger  than  the  contribution  from  the  convective  clouds  (Figure 
3.18c). 
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Figure  3.18.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  B.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  B. 
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Figure  3.19.  Sequence  of  ellipses  centered  along  the  track  of  MCS  C  from  0700  UTC  27  August 

1997  through  1600  UTC  27  August  1997.  The  small  and  flat  dark  ellipses  are  the  start  and  finish 
of  MCS  C,  respectively. 


At  the  same  time  the  decay  of  MCS  B  occurs,  MCS  C  begins  to  form,  during  the 
early  life-cycle  stage  with  an  elongation  as  the  MCS  decayed.  Notice  that  the  maximum 
areal  extent  of  this  MCS  is  smaller  than  either  MCS  B  or  MCS  A.  After  rapid  growth  in 
the  first  3  h,  a  sharp  decrease  in  convective  cloud  is  followed  by  8  h  of  moderate  increase 
in  area  and  percent  coverage  convective  cloud  (Figures  3.20a,b).  Although  the  stratiform 
percent  coverage  did  decrease  when  convection  increased  between  1 100  UTC  and  1600 
UTC  27  August  1997,  the  stratiform  cloud  amount  remained  much  larger  than  convective 
amount  throughout  MCS  C  life  cycle.  The  sharp  decrease  in  convective  cloud  amount 
following  0900  UTC  27  August  1997  coincides  with  a  decrease  in  total  convective 
precipitation  (Figure  3.20c).  Although  the  area  coverage  of  convective  cloud  was  less 
than  stratiform  cloud  between  1200  UTC  and  1700  UTC  27  August  1997,  the  total  rain 
intensity  from  convective  cloud  is  higher  than  the  stratiform  component.  This  is 
consistent  with  the  compact  intense  character  of  MCS  C  as  evident  in  the  satellite  image 
(Figure  3.10). 

The  east/west  cross  section  (Figure  3.21)  of  the  SSM/I  data  through  MCS  C  at 
0929  UTC  27  August  1997  (Figure  3.22),  which  is  the  minimum  in  the  area  and  percent 
of  convective  coverage  and  rain  intensity  from  convection,  has  one  minimum  PCT  that  is 
collocated  with  the  warm  low-level  precipitation  at  19  GHz  (Figure  3.21).  Compared  to 
typical  PCT  values  for  intense  tropical  convection  (McGaughey  and  Zipser  1996),  the 
minimum  PCT  value  of  225  °K  is  relatively  high,  which  suggests  that  MCS  C  at  the  time 
of  the  SSM/I  overpass  is  in  the  decay  stage  as  shown  in  Figures  3.20a,b,c.  However,  the 
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Figure  3.20.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  C.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  C. 
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EW  cross  section  of  MCS  C  at  0929  UTC  27  AUG  97 


Figure  3.21.  East/West  cross  section  through  MCS  C  at  0929  UTC  27  August  1997 
along  the  line  shown  in  Figure  3.22. 
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Figure  3.22‘.  GMS  IR  image  of  MCS  C  at  0932  UTC  27  August  1997.  The  dark 
horizontal  line  is  the  cross  section  of  MCS  C  for  Figure  3.21. 
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convective  components  of  the  MCS  increase  after  0929  UTC  27  August  1997.  After 
1600  UTC  27  August  1997,  the  MCS  begins  to  decay.  Although  the  area  of  and  percent 
coverage  of  convective  (stratiform)  cloud  decreases  (increases),  the  most  important 
structural  change  is  the  increase  in  total  rain  intensity  from  stratiform  cloud  that  is  now 
larger  than  the  amount  from  convective  cloud.  Therefore,  the  MCS  structure  during  the 
decay  period  became  dominated  by  stratiform  characteristics  that  may  act  to  contribute 
vorticity  to  the  pre-Bing  mid-tropospheric  disturbance. 

Although  the  convection  along  the  southern  portion  of  the  broad  pre-Bing 
disturbance  does  not  meet  the  typical  MCS  criteria  as  defined  by  Houze  (1992),  it  is 
tracked  to  compare  with  the  characteristics  of  the  convection  occurring  in  the  more 
central  portion  of  the  disturbance.  The  ellipse  track  of  MCS  D  (Figure  3.23)  has  an 
elongated  shape  because  it  is  oriented  in  the  equatorial  southwesterly  flow.  This  is  a 
region  that  is  mostly  stratiform  cloud  with  very  weak  convection  (Figure  3.24).  Notice 
that  the  percent  coverage  of  stratiform  cloud  (Figure  3.24b)  within  the  ellipse  is  about 
55%  at  1600  UTC  27  August  1997.  Most  of  the  rain  associated  with  MCS  D  is  typical 
tropical  stratiform  rain  in  the  confluent  tropical  flow  that  defined  the  southern  portion  of 
the  disturbance  in  the  monsoon  trough.  Although  the  peak  stratiform  integrated  rain  rates 
are  around  400  mm/h  at  1500  UTC  27  August  1997  (Figure  3.24),  the  rain  rates  are 
generally  smaller  than  in  the  prior  MCSs.  Given  the  outer  location  and  elongated 
stratiform  rain  areas,  it  is  concluded  that  MCS  D  did  not  contribute  to  the  mesoscale 
organization  of  the  pre-Bing  disturbance. 


46 


spniRtn 


47 


Figure  3.23.  Sequence  of  ellipses  centered  along  the  track  of  MCS  D  from  0700  UTC  27  August 

1997  through  0900  UTC  28  August  1997.  The  small  and  large  dark  ellipses  are  the  start  and 
finish  of  MCS  D,  respectively. 
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a!S?c3‘26‘  ^  Area  ?q  km^ 311(1  coverage  of  convective  and  stratiform  clouds  for 
MCS  E.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  E. 
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The  shape  of  MCS  E  (Figure  3.25)  is  elongated  initially,  then  grows  rapidly  and 
becomes  more  circular.  During  the  initial  20  h,  the  convective  and  stratiform  coverage 
amounts  increase  (Figure  3.26a,b).  Whereas  the  convective  area  of  MCS  E  becomes 
slightly  larger  than  for  MCS  A  (Figure  3.14a),  the  stratiform  area  is  generally  smaller. 
The  percent  coverage  of  convective  and  stratiform  clouds  are  fairly  constant  throughout 
the  entire  MCS  E  period.  The  characteristic  that  distinguishes  MCS  E  from  the  previous 
MCSs  is  that  the  total  rain  rate  for  convective  clouds  is  larger  than  the  stratiform  total 
through  almost  all  of  the  period  (Figure  3.25c).  This  is  indicative  of  the  continued 
intensity  of  the  convective  portion  of  the  MCS,  which  does  not  seem  to  be  entering  a 
decay  stage  at  any  time  during  the  period  it  was  tracked.  The  entire  system  became 
Tropical  Storm  Bing  by  1800  UTC  28  August  1997.  The  peak  total  convective  rain  rate 
becomes  almost  1000  mm/h,  which  is  double  any  value  during  MCS  A  (Figure  3.14c), 
and  peak  values  of  about  800  mm/h  continue  through  the  end  of  the  period,  even  though 
the  percent  convective  coverage  is  nearly  constant.  This  type  of  pattern  appears  to  be 
consistent  with  developing  TCs  and  suggests  that  MCS  E  developed  within  a  vorticity- 
rich  area  that  has  evolved  in  the  presence  of  the  previous  MCSs. 

Two  major  factors  to  the  combination-type  of  tropical  cyclone  evolution  are 
exhibited  during  the  formation  of  ST  Bing.  First,  the  synoptic-scale  equatorial 
southwesterly  flow  within  the  monsoon  trough  created  the  favorable  conditions  for 
repeated  MCS  formation.  Second,  vigorous  convective  activity  resulted  in  formation  of 
large  stratiform  regions  that  contributed  to  vorticity  production.  These  two  roles  are 
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proposed  to  be  critical  for  ST  Bing  to  develop  over  a  four-day  period. 

B.  SUPER  TYPHOON  IVAN 

1.  Overall  Evolution 

ST  Ivan  was  a  large  TC  in  the  western  North  Pacific  during  October  1997  (Figure 
3.27).  Prior  to  the  formation  of  Ivan,  convection  began  to  increase  in  the  eastern  portion 
of  the  monsoon  trough  and  MCS  A  (Figure  3.28)  formed  near  6°N,  168°E  at  1500  UTC 
10  October  1997.  Although  MCS  A  did  not  contribute  to  the  initial  circulation  of  the  pre- 
Ivan  disturbance,  it  was  the  start  of  convection  in  the  region.  It  dissipated  near  5°N, 
164°E  at  0400  UTC  1 1  October  1997. 

A  new  MCS  (labeled  MCS  B  in  Figure  3.28)  formed  4  h  later  at  0800  UTC  1 1 
October  1997  as  a  cloud  cluster  at  approximately  7°N,  163°E  and  grew  rapidly  (Figure 
3.29).  MCS  B  moved  westward  as  it  progressed  through  its  life  cycle  and  eventually 
dissipated  at  approximately  0600  UTC  12  October  1997  near  8°N,  158°E.  As  MCS  B 
was  decaying,  MCS  C  (Figure  3.28)  formed  as  a  line  of  convection  on  the  northern 
boundary  of  MCS  B  (Figure  3.30).  It  is  possible  that  the  convection  associated  with  MCS 
C  formed  along  a  low-level  outflow  boundary  from  MCS  B.  MCS  C  was  short-lived  as  it 
dissipated  approximately  8  h  later.  As  MCS  C  entered  its  mature  stage  by  1232  UTC  12 
October  1997,  the  convection  formed  an  arc  to  the  north  with  the  stratiform  region  in  the 
middle  of  the  arc  (Figure  3.31). 

By  1500  UTC  12  October  1997,  MCS  D  formed  to  the  southeast  of  MCS  C  near 
10°N,  158°E  (Figure  3.28).  MCS  D  formed  near  the  dissipation  location  of  MCS  B, 


52 


Super  Typhoon  Ivan  (27W) 


100£  110E  120E  120E  140E  1SQE  -RDF 

. . ouc 


- _ — M 

300Z  10  60~~ 


^  2400Z  13  60 


2500Z  16  45 


220CZ  9  S 


2600Z17  45 


^  24-HR  best  TRACK  position 
°oo  TROPICAL  DISTURUANCE/ 
TROPICAL  DEPRESSION 
$$$  TROPICAL  STORM 
m  TYPHOON/SUPER  TYPHOON 
24-HR  REST  TRACK  POSITION 
IDENTIFICATION 
DTG  SPD(KT)  INT(KT) 
XXXX2  XX  XXX 


1900Z  8  140/  J 

z . f . n- 

!  1800Z  l‘i  150/ 


tl 

. i - r~~‘— 

1E00Z12  60 

i  i 

H 

/  !  1400Z  15  40 

i  j 

/  ■  i  13Q0Z  12  20 

i  i 

******* 

\  ; 

j  I* 

j  A  J'| 

i\  /  / 

kL 

1200Z  17  Zdl  / 

*  1 

!  1 
i- .  -V. . 1 . j 

J  i600Z  12  85/  f 

OCf*  *Sam**2£>  \  9 


1100Z  14  2a 

v  i 

iSJOOOZ  20 


Figure  3.27. .  Super  Typhoon  Ivan  (27W)  best  track  from  JTWC  each  6  h  from  9 
October  to  26  October  1997.  The  minimum  sea-level  pressure  (not  shown)  was  872  mb 
and  the  maximum  intensity  was  160  kt. 


1500  UTC  10  October  1997  through  1300  UTC  13  October  1997.  The  solid  lines  with  upper 
case  letters  are  the  track  of  the  235  °K  temperature  core  of  the  MCS,  and  the  dashed  lines  with 
lower  case  letters  are  the  track  of  the  208  °K  temperature  core  of  the  MCS. 
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TY  Ivan,  MCS  Tracks 


Figure  3.29.  GMS  JR  image  of  MCS  B  at  2332  UTC  1 1  OCT  97. 


Figure  3.30.  GMS  IR  image  of  decaying  MCS  B  and  developing  MCS  C 
at  0425  UTC  12  OCT  97. 
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Figure  3.31.  GMS IR  image  at  1232  UTC  12  OCT  97. 


MCS  D 


Figure  3.32.  GMS  IR  image  at  0632  UTC  13  OCT  97. 
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which  had  decayed  approximately  9  h  earlier.  This  MCS  formed  rapidly  and  became  the 
center  of  convection  for  the  developing  pre-Ivan  disturbance.  By  0630  UTC  13  October 
1997,  convection  was  well  established  and  rotation  was  evident  in  the  curved  cloud  lines 
(Figure  3.32).  This  was  the  time  that  JTWC  issued  the  first  warning  as  Tropical 
Depression  27W  with  a  wind  speed  of  25  kt,  three  days  after  the  first  MCS  had  formed 
about  5 0  latitude  to  the  south  and  13 0  longitude  to  the  east.  The  JTWC  tropical 
depression  position  (10°N,  153  °E)  was  consistent  with  the  satellite  imagery.  By  the  next 
warning  at  1200  UTC  13  October  1997,  Tropical  Depression  27W  became  Tropical 
Storm  Ivan  (Figure  3.33).  Although  this  system  had  been  developing  for  three  days 
before  the  first  warning  was  issued,  its  intensification  from  TD  to  TS  stage  was 
accomplished  in  about  6  h,  once  a  central  MCS  formed. 

The  general  increase  in  convection  in  the  eastern  portion  of  the  monsoon  trough 
and  formation  of  MCS  A  is  associated  with  a  broad,  east-west,  850-mb  trough  (Figure 
3.34a).  In  addition  to  being  close  to  the  Equator  (small  Coriolis  parameter),  the 
NOGAPS  200-mb  analysis  (not  shown)  suggests  that  MCS  A  did  not  develop  due  to 
moderate  easterly  upper-level  wind  shear.  The  NOGAPS  850-mb  analysis  at  0000  UTC 
12  October  1997  (Figure  3.34b)  depicts  a  cyclonic  circulation  near  9°N,  162°E  in  which 
the  MCS  activity  associated  with  the  pre-Ivan  disturbance  is  embedded  in  the  northern 
portion.  MCS  C  forms  in  the  northern  portion  of  the  monsoon  trough  about  1  h  after 
MCS  B  dissipates.  Although  MCS  C  is  in  an  area  of  cyclonic  vorticity,  it  does  not 
develop  due  to  moderate  easterly  upper-level  shear  (not  shown).  Although  the  NOGAPS 
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Figure  3:33.  GMS IR  image  of  Tropical  Storm  Ivan  at  1232  UTC  13  OCT  97. 


58 


the  times  of  these  analyses  are  shown  by  dots. 


analysis  at  0000  UTC  13  October  1997  (Figure  3.34c)  has  a  southwestward  tilt  in  the 
850-mb  circulation,  MCS  C  and  MCS  D  formed  in  the  cyclonic  curved  flow  to  the  north 
near  10°N,  158°E.  By  1200  UTC  13  October  1997  (Figure  3.34d),  the  northern  portion 
of  the  850-mb  circulation  reflects  the  intensifying  pre-Ivan  disturbance.  Whereas  the 
synoptic  analyses  depict  the  monsoon  circulation  has  shifted  southwestward,  the  MCS 
activity  may  have  concentrated  a  smaller  region  of  vorticity  that  contributes  to  the 
intensification  of  the  pre-Ivan  disturbance  to  the  northeast  of  the  synoptic-scale  center. 

Because  of  the  contributions  from  both  the  synoptic  and  mesoscale  components, 
ST  Ivan  is  also  be  classified  as  a  combination-type  case.  The  synoptic  environment  was 
favorable  for  enhanced  convective  activity  and  the  MCS  activity  helped  to  concentrate  the 
vorticity.  In  contrast  to  the  case  of  ST  Bing  in  which  the  synoptic  system  seemed  to  get 
more  organized  as  the  multitude  of  MCSs  appeared  to  contribute,  this  case  seems  to  have 
weaker  synoptic  forcing.  The  formation  of  MCS  B  is  related  to  the  favorable  condition  of 
a  low-level  southwesterly  confluent  flow.  Because  MCS  D  forms  near  the  decay  position 
of  MCS  B  (although  about  9  h  later),  the  mesoscale  circulation  remnants  from  MCS  B 
may  have  been  a  significant  contribution  to  the  eventual  formation  of  ST  Ivan. 

2.  MCS  Structure 

Because  MCS  A  represented  a  transient  increase  in  the  overall  convective  activity 
within  the  monsoon  trough  and  not  the  pre-Ivan  disturbance,  a  detailed  analysis  of  the 
structure  of  MCS  A  is  not  presented. 

The  time  history  of  the  ellipse  coverage  for  MCS  B  (Figure  3.35)  indicates  major 
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shape  changes  as  the  MCS  moved  through  the  southwesterly  flow  and  cirrus  clouds 
spread  appreciably.  This  is  also  reflected  by  the  steadily  increasing  amount  of  stratiform 
areal  coverage  (Figure  3.36a).  Overall,  the  percent  coverage  of  stratiform  cloud  is 
consistently  much  higher  than  the  percent  coverage  of  convective  cloud  (Figure  3.36b). 
An  increase  in  stratiform  coverage  follows  each  increase  in  convective  coverage  at  1200 
UTC  and  2100  UTC  on  1 1  October  1997  and  0200  UTC  12  October  1997.  Conversely, 
sharp  decreases  in  both  stratiform  and  convective  coverage  occur  at  1900  UTC  1 1 
October  1997.  During  the  increase  in  convection  after  1900  UTC  1 1  October  1997  and  at 
0200  UTC  12  October  1997,  the  total  convective  rain  intensity  (Figure  3.36c)  is  larger 
than  the  stratiform  rain  intensity.  The  slow  increase  in  convective  cloud  coverage,  and 
the  fact  that  total  stratiform  rain  intensity  is  larger  than  convective  rain  intensity  except 
for  specific  short-lived  convective  increases,  suggest  that  MCS  B  is  more  related  to  the 
synoptic  forcing  present  in  the  southwesterly  flow  of  the  monsoon  trough  rather  than  the 
central  portion  of  the  pre-Ivan  disturbance. 

Unfortunately,  there  were  no  SSM/I  passes  over  MCS  C  during  its  short  life  cycle. 
Therefore,  detailed  analysis  of  the  structure  of  the  MCS  was  not  possible. 

The  ellipse  track  of  MCS  D  (Figure  3.37)  indicates  that  the  MCS  has  a  nearly 
circular  shape  throughout  its  lifetime  as  it  expands,  shrinks,  and  expands  again.  During 
the  formation  time,  the  total  area  (Figure  3.38a)  and  percent  area  (Figure  3.38b)  covered 
by  convective  clouds  are  larger  than  the  stratiform  coverages.  Also,  the  total  rain  rate 
associated  with  convection  is  larger  than  the  stratiform  values  during  the  formative  stage 
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Figure  3.36.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  B.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  B. 
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start  and  finish  of  MCS  D,  respectively. 
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12/15  12/18  13/00  13/06  .  13/12 


Figure  3.38.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  D.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  D. 
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(Figure  3.38c).  Shortly  after  1800  UTC  12  October  1997,  convective  coverage  reaches  its 
minimum  and  stratiform  coverage  reaches  its  maximum.  Convective  activity  then 
increases  rapidly  from  0000  UTC  to  0632  UTC  13  October  1997,  during  which  a  circular 
MCS  forms  (Figure  3.32).  Although  the  first  peak  of  convection  at  1800  UTC  (0400 
local)  is  consistent  with  a  diurnal  convective  maximum,  the  subsequent  growth  to  the 
second  peak  at  1000  UTC  (2000  local)  is  not  related  to  the  diurnal  cycle;  rather  it  is  more 
synoptic-related  forcing.  From  this  time  on,  the  total  rainrate  from  convective  clouds 
increases  regularly  in  association  with  the  organization  of  the  pre-Ivan  disturbance.  By 
contrast,  the  total  rain  intensity  in  the  expanding  stratiform  area  remains  constant. 

An  east/west  cross  section  (Figure  3.39)  of  the  SSM/I  PCT  and  19  GHz  data  is 
constructed  through  MCS  D  at  0649  UTC  13  October  1997  (Figure  3.40).  The  very  low 
PCT  of  about  170°K  defines  the  intense  convective  activity  at  the  peak  of  the 
intensification  stage  that  is  evident  in  Figure  3.32,  and  this  corresponds  nicely  with  the 
amount  of  convective  coverage  and  total  rainrate  at  0700  UTC  13  October  1997  in 
Figures  3.38b,c. 

In  summary,  ST  Ivan  develops  rapidly  from  a  small  disturbance  into  a  tropical 
cyclone.  Although  the  initial  MCS  A  does  not  contribute  directly  to  increasing  the 
circulation  of  the  disturbance,  it  did  provide  the  initial  concentrated  convection  within  the 
monsoon  trough.  Formation  of  MCS  B  appears  to  be  associated  with  the  synoptic  flow 
while  MCS  C  appears  to  begin  intensification  of  the  pre-Ivan  disturbance.  Although 
microwave  observations  of  MCS  C  are  not  available,  the  formation  of  MCS  C  appears  to 
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EW  cross  section  of  MCS  D  at  0649  UTC  13  OCT  97 


Figure  3.39.  East/West  cross  section  through  MCS  D  at  0649  UTC  13  October  1997 
along  the  line  shown  in  Figure  3.40. 
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TY  Ivan,  MCS  D  0632  UTC  971013 


Figure  3.40.  GMS  IR  image  of  MCS  D  at  0632  UTC  13  October 
horizontal  line  is  the  cross  section  of  MCS  D  for  Figure  3.39. 
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be  related  to  the  northern  outflow  boundary  for  MCS  B.  The  formation  of  MCS  D  also 
occurs  just  north  of  the  position  where  MCS  B  decayed  approximately  9  h  earlier. 
Therefore,  it  is  possible  that  MCS  B  may  have  contributed  to  the  formation  of  MCS  D, 
which  had  the  best  chance  for  further  development  because  the  intense  convection 
developed  in  the  region  of  a  pre-existing  circulation  center. 

C.  NON-DEVELOPING  MCS 

1.  Overall  Evolution 

A  convective  area  around  at  13°N,  164°E  was  the  center  of  a  TCFA  issued  by 
JTWC  at  0030  UTC  23  August  1997  based  on  the  outlook  for  continued  convective 
activity.  Over  a  6-h  period,  two  MCSs  formed  that  are  labeled  MCS  A  and  MCS  B  in 
Figure  3.41 .  Between  2000  UTC  (Figure  3.42)  and  2300  UTC  22  August  1997  (Figure 
3.43),  MCS  A  began  to  weaken  while  MCS  B  increased  in  size.  Both  MCSs  had 
dissipated  by  0500  UTC  23  August  1997  (Figure  3.44). 

At  0000  UTC  23  August  1997,  uniform  upper-level  outflow  (Figure  3.45a)  was 
analyzed  over  a  low-level  circulation  (Figure  3.45b).  These  circulation  characteristics 
persisted  over  the  next  24  h  even  though  MCS  A  and  MCS  B  had  decayed  by  0500  UTC 
23  August  1997.  Although  a  small  circulation  became  evident  at  13°N,  157°E  in  satellite 
imagery  at  1 132  UTC  23  August  1997  (Figure  3.46)  that  seems  to  correspond  with  the 
850-mb  circulation  in  the  NOGAPS  analyses  (Figure  3.45d)  and  the  dissipating  upper- 
level  outflow  (Figure  3.45c),  convection  did  not  re-develop  and  the  total  circulation 
eventually  dissipated  over  the  next  24  h.  This  could  be  an  indication  that  the  circulation 
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MCS  A 


Figure  3.41.  GMS  IR  image  at  1625  UTC  22  August  1997. 


MCS  B 


Figure  3.42.  GMS  IR  image  at  2032  UTC  22  August  1997. 
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Figure  3.43.  GMS IR  image  at  2332  UTC  22  August  1997. 


Figure  3.44.  GMS  IR  image  of  decayed  MCS  A  and  B  at  0532  UTC 
23  August  1997. 


Figure  3.45.  NOGAPS  200-mb  streamline  (solid  with  arrows)  and  200-mb  50  kt  isotach  (dotted) 
for  (a)  0000  UTC  and  (c)  1200  UTC  23  August  1997  and  850-mb  streamline  (solid  with  arrows), 
850-mb  30  kt  isotach  (dotted),  and  mean  sea-level  pressure  analyses  (dashed,  interval  4  mb)  for 
(b)  0000  UTC  and  (d)  1200  UTC  23  August  1997.  Location  ofMCS  A  at  the  times  of  these 
analyses  is  shown  by  dot. 


Figure  3.46.  GMS  JR  image  at  1 132  UTC  23  August  1997.  Arrow 
indicates  small  circulation. 
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evident  in  satellite  imagery  may  have  been  confined  to  mid-levels  and  never  descended  to 
tap  into  surface  energy  sources.  JTWC  canceled  the  TCFA  at  1600  UTC  24  August 
1997. 

2.  MCS  Structure 

As  mentioned  above,  two  MCSs  formed  in  the  TCFA  area.  The  first,  labeled 
MCS  A,  formed  near  12°N,  156°E  at  1 100  UTC  22  August  1997.  The  ellipse  track 
(Figure  3.47)  shows  that  MCS  A  did  not  move  very  far  during  its  lifespan.  During  the 
first  8  h  of  development,  the  MCS  began  as  a  compact  feature,  the  ellipse  area  expanded 
as  the  cirrus  shield  spread,  and  then  became  more  compact  and  circular  as  it  dissipated. 
The  areal  extent  of  convective  cloud  increased  steadily  (Figure  3.48a)  and  the  total  rain 
intensity  increased  due  to  convection  (Figure  3.48c).  Moreover,  the  percent  coverage  of 
convective  cloud  remained  consistently  near  45%.  However,  MCS  A  began  to  decay 
steadily  after  2200  UTC  22  August  1997  and  completely  dissipated  by  0500  UTC  23 
August  1997  (Figure  3.44).  After  2000  UTC  22  August  1997,  both  the  total  areal 
coverage  and  percent  coverage  of  stratiform  cloud  remained  greater  than  the  convective 
cloud  amount.  The  total  rain  intensity  for  both  the  stratiform  and  convective  clouds 
decreased  steadily  between  2200  UTC  22  August  1997  and  0500  UTC  23  August  1997 
(Figure  3.48c).  This  is  an  important  distinction  from  the  MCS  characteristics  associated 
with  TC  formation  where  total  rain  intensity  for  stratiform  cloud  increased  for  a  time 
when  the  total  MCS  was  decaying.  In  this  case,  stratiform  rain  intensity  decreased  as 
rapidly  as  the  convective  intensity  declined.  This  may  indicate  that  the  structural 
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Figure  3.47.  Sequence  of  ellipses  centered  along  the  track  of  MCS  A  from  1 100  UTC  22  August 
1997  through  0500  UTC  23  August  1997.  The  small  and  large  dark  ellipses  are  the  start  and 
finish  of  MCS  A,  respectively. 


Day/Hour  UTC,  August  1997 


Figure  3.48.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  A.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  A. 
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characteristics  of  the  mature  to  decaying  MCS  may  not  have  been  inclusive  for 
production  of  sufficient  vorticity  to  organize  a  vortex  that  could  facilitate  continued 
development. 

The  second  MCS  B  formed  near  10°N,  163  °E  at  1600  UTC  22  August  1997.  The 
ellipse  track  (Figure  3.49)  also  shows  that  MCS  B  did  not  move  very  far  during  its 
lifespan  and  was  comparable  in  size  to  MCS  A.  The  structural  evolution  of  MCS  B  is 
similar  to  MCS  A.  That  is,  the  amount  of  convective  coverage  and  total  intensity  increase 
while  the  percent  coverage  is  nearly  constant  (Figure  3.50).  During  the  first  4  h  of 
development,  intense  convection  is  present.  By  2000  UTC  22  August  1997,  convection 
has  reached  its  maximum  and  MCS  B  begins  to  decay  over  the  next  8  h,  and  finally 
dissipates  by  0400  UTC  23  August  1997.  During  the  first  8  h,  the  convective  cloud  is 
larger  in  area  and  percent  coverages  (Figure  3.50a,b)  than  the  stratiform  cloud  amounts. 
Only  at  2200  UTC  22  August  1997  midway  through  the  decay  stage  did  the  stratiform 
percent  become  greater  than  the  convective  percent.  As  with  MCS  A,  the  total  rain 
intensity  of  the  convective  cloud  was  much  greater  than  the  stratiform  cloud  (Figure 
3.50c).  Although  the  stratiform  rain  intensity  became  larger  than  the  convective  intensity 
during  the  decay  stage  at  about  0000  UTC  23  August  1997,  the  rain  intensity  was  still 
rather  small. 

The  low  total  rain  intensities  associated  with  the  stratiform  cloud  of  both  MCS  A 
and  B,  and  the  short  life  cycles,  suggest  that  insufficient  vorticity  production  occurred  for 
a  MCV  to  form.  Even  though  the  disturbance  seemingly  had  good  synoptic  support  for 
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Figure  3.49.  Sequence  of  ellipses  centered  along  the  track  of  MCS  B  from  1600  UTC  22  August 
1997  through  0400  UTC  23  August  1997.  The  small  and  large  dark  ellipses  are  the  start  and 
finish  of  MCS  B,  respectively. 
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Ellipse  Track  Non-developing  MCS  B 


Figure  3.50.  (a)  Area  (sq  km)  and  (b)  coverage  of  convective  and  stratiform  clouds  for 
MCS  B.  (c)  Total  rain  intensity  (mm/h)  averaged  over  the  areas  of  convective  and 
stratiform  clouds  for  MCS  B. 
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development  at  all  levels,  the  stratiform  activity  was  not  sufficient  to  form  a  mesoscale 
circulation  about  which  to  concentrate  further  development. 
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IV.  SUMMARY  AND  CONCLUSIONS 


A.  SUMMARY 

The  formation  of  ST  Bing  involved  the  interaction  of  a  synoptic-scale  circulation 
and  five  MCSs  over  a  period  of  several  days.  The  formation  of  ST  Ivan  involved  four 
MCSs  over  a  three-day  period.  However,  the  interaction  of  the  synoptic-scale  and 
mesoscale  components  did  not  seem  as  strong  in  association  with  the  formation  of  ST 
Ivan.  Two  MCSs  that  were  not  related  to  the  formation  of  a  tropical  cyclone  were  also 
examined.  The  combination  of  microwave  and  infrared  imagery  was  used  to  examine  the 
rain  rate  and  cloud  type  evolutions  of  each  MCS. 

The  individual  MCS  structures  can  be  examined  with  respect  to  characteristics 
that  have  been  associated  with  mid-level  vorticity  production  and  potential  extension  of 
the  midlevel  vortex  to  low-levels,  which  is  required  for  intensification.  Also,  variability 
in  MCS  characteristics  can  be  examined  between  MCSs  that  seem  to  be  directly  related, 
or  not  related,  to  tropical  cyclone  formation. 

The  variation  in  MCS  structure  is  manifest  via  the  amount  of  heating  and  the 
vertical  location  of  the  heating  over  the  area  containing  the  MCS.  This  relationship  is 
important  because  it  is  through  the  release  of  heat  that  the  MCS  influences  the 
environment.  Typically,  convective  heating  is  maximum  in  the  lower  troposphere,  and 
stratiform  (anvil)  heating  is  maximized  at  upper  levels  with  cooling  due  to  unsaturated 
downdrafts  at  lower  layers.  Studies  of  MCS  structure  based  on  various  field  programs 
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have  associated  the  amount  of  stratiform  rain  with  the  magnitude  and  level  of  maximum 
heating  in  the  upper  troposphere  (e.g.,  Johnson  1984,  Frank  and  McBride  1989,  Tao  et  al. 
1993).  Furthermore,  the  upper-level  heating  is  associated  with  maximum  vertical  motion. 
In  addition,  an  association  is  implied  between  the  amount  of  stratiform  coverage  and  the 
potential  for  midlevel  vorticity  production  due  to  convergence.  These  relationships  can 
be  examined  for  the  MCSs  analyzed  in  connection  to  ST  Bing,  ST  Ivan,  and  the  non¬ 
developers  by  comparing  the  total  (time  integrated  over  the  area)  coverage  and  rain  rates 
for  each  cloud  type  for  each  MCS. 

For  all  five  MCSs  associated  with  the  formation  of  ST  Bing,  the  time-integrated 
areal  coverage  of  stratiform  cloud  is  larger  than  the  coverage  of  convective  cloud  (Figure 
4.1).  However,  important  differences  among  these  MCSs  are  found  by  examining  the 
time-integrated  rain  intensities  (Figure  4.2)  and  time  evolutions  of  cloud  coverage 
(Chapter  III.).  The  time-integrated  rain  intensities  are  comparable  for  both  stratiform  and 
convective  cloud  for  MCSs  A,  B,  and  C.  In  conjunction  with  the  larger  stratiform  areal 
coverage,  this  suggests  that  the  stratiform  region  probably  exhibited  structural 
characteristics  conducive  to  mid-tropospheric  vortex  production  because  rather  large 
(compared  to  the  convective  clouds)  total  rain  intensities  were  produced.  That  is, 
persistent  ascent  in  long-lived  stratiform  cloud  with  descent  associated  with  evaporation 
in  unsaturated  downdrafts  below  promotes  vertical  stretching  and  horizontal  convergence 
and  mid-tropospheric  vorticity.  Furthermore,  the  time  evolutions  of  cloud  coverage  for 
MCS  A  (Figure  3.14a),  MCS  B  (Figure  3.18a),  and  MCS  C  (Figure  3.20a)  indicate  that 
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Figure  4.1.  Total  integrated  area  coverage  for  all  MCSs  associated  with 
ST  Bing,  ST  Ivan,  and  the  non-developers.  The  number  of  hours  the  MCS 
existed  is  given  above  the  bars. 
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Figure  4.2.  Total  integrated  rain  intensities  for  all  MCSs  associated  with 
ST  Bing,  ST  Ivan,  and  the  non-developers.  The  number  of  hours  the  MCS 
existed  is  given  above  the  bars. 
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the  stratiform  cloud  coverage  remains  large  during  the  time  that  the  convective  cloud 
began  to  decay.  An  important  difference  associated  with  the  structure  of  MCS  E  in  pre- 
Bing  is  that  the  total  integrated  amount  of  rain  intensity  due  to  convective  cloud  is  larger 
than  the  stratiform  cloud  even  though  the  time-integrated  area  of  stratiform  cloud  is  much 
larger  than  the  convective  cloud  (Figure  4.1).  Therefore,  MCS  E  has  a  large  stratiform 
area  plus  the  convective  rain  area  is  concentrated,  intense,  and  long-lasting.  This  implies 
that  the  dominant  heating  profile  over  the  MCS  area  has  become  convective  in  nature, 
which  is  conducive  to  a  low-level  vortex  structure  representative  of  a  warm-core  tropical 
disturbance.  Although  the  magnitudes  of  integrated  cloud  coverage  and  rain  intensities 
are  smaller,  similar  characteristics  are  associated  with  MCS  B  and  MCS  D  during  the 
formation  of  ST  Ivan  (Figures  4.1  and  4.2). 

The  MCSs  not  associated  with  a  developing  tropical  disturbance  exhibit  some 
basic  structural  differences  with  the  MCSs  associated  with  ST  Bing  and  ST  Ivan. 
Although  the  total  time-integrated  areas  of  stratiform  and  convective  cloud  coverage 
(Figure  4.1)  are  nearly  equal  for  both  of  the  non-developer  MCSs,  the  total  integrated  rain 
intensity  (Figure  4.2)  for  convective  clouds  is  much  larger  than  the  stratiform  amount, 
which  is  a  characteristic  of  the  MCS  E  in  pre-Bing  and  MCS  D  in  pre-Ivan.  Thus,  the 
time  evolution  of  the  non-developer  MCSs  is  further  analyzed  by  comparing  the 
convective  and  stratiform  areal  coverage  with  respect  to  the  average  coverage  computed 
for  all  nine  MCSs  analyzed  (Figure  4.3).  For  each  non-developer  MCS,  the  areal 
coverage  of  convective  cloud  increases  rapidly  and  is  larger  than  the  stratiform  coverage. 
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Figure  4.3.  Total  cloud  area  with  respect  to  the  nine-MCS  average  for  (a) 
MCS  A,  and  (b)  MCS  B  in  the  non-developing  TC. 
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Notice  that  the  amount  of  convective  coverage  is  nearly  400%  of  the  average  for  MCS  A, 
and  200%  of  the  average  for  MCS  B.  The  most  important  difference  for  the  MCSs 
associated  with  the  non-developing  TC  versus  the  two  developing  tropical  cyclones 
occurs  during  the  decay  of  each  MCS  where  the  coverage  of  stratiform  cloud  decays 
nearly  as  rapidly  as  the  convective  cloud.  This  feature,  together  with  the  large  convective 
rain  intensities,  suggests  that  an  extensive  stratiform  rain  region  never  developed  fully. 
Therefore,  mid-level  vortex  production  may  not  have  been  favored,  even  though  vigorous 
convective  rain  exists. 

B.  CONCLUSIONS 

The  combination  of  geostationary  infrared  and  polar-orbiting  microwave  imagery 
allows  identification  of  distinct  MCS  structure  characteristics.  As  summarized  in  section 
A,  this  study  identified  MCS  characteristics  that  defined  the  relative  roles  of  MCS 
activity  associated  with  two  TC  formations.  Although  based  on  a  small  sample,  this 
study  also  proposes  certain  differences  may  be  found  between  MCSs  associated  with 
developing  tropical  disturbances  and  those  not  associated  with  tropical  disturbances. 

C.  RECOMMENDATIONS 

The  use  of  high-resolution  microwave  satellite  imagery  is  a  valuable  tool  for 
studying  the  physical  structure  of  MCSs  and  how  they  affect  TC  genesis.  The 
implementation  of  the  following  items  would  further  increase  the  utility  and  add  greatly 
to  the  understanding  of  TC  genesis. 

1.  Additional  case  studies.  This  thesis  describes  only  two  case  studies  of  the  17 
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TC  formations  during  the  portion  of  the  1997  TC  season  analyzed.  The  case  studies  were 
restricted  to  MCS  shape  (elliptical  only)  and  sizes  as  defined  in  Chapter  II. B.  No 
examples  of  over-land  MCSs  that  drifted  over  the  ocean  were  represented.  Additionally, 
all  selected  case  studies  were  taken  from  the  western  North  Pacific  basin.  This  small, 
potentially  basin-biased  sample  size  limits  the  applicability  of  the  conclusions  that  may 
be  drawn  from  the  study.  Clearly,  these  analyses  need  to  be  extended  to  a  larger  data 
base. 

2.  Methodology  for  JTWC  watchstanders.  The  infrequent  SSM/I  passes  from  the 
DMSP  satellites  make  each  pass  over  tropical  disturbances  even  more  valuable,  so  that 
procedures  need  to  be  developed  to  provide  the  watchstander  microwave  data  from  each 
pass.  Computer  algorithms  that  combine  the  polar-orbiter  microwave  and  geostationary 
infrared  information  with  time  as  shown  in  this  thesis  can  help  the  watchstander  make 
necessary  decisions  on  how  and  when  the  TC  may  form  in  conjunction  with  the  MCSs  in 
the  tropical  disturbance. 

3.  Improved  representation  of  the  environment.  This  study  should  be  expanded 
to  take  into  account  other  important  factors  in  the  environment  that  are  contributors  to  TC 
formation  such  as  vertical  wind  shear,  background  or  environmental  vorticity, 
disturbances  in  the  monsoon  trough,  etc. 

4.  Mesoscale  convective  vorticies.  At  least  four  theories  have  been  suggested  to 
describe  how  a  mid-level  vortex  may  extend  downward  to  become  a  low-level  vortex. 
Further  case  studies  of  MCS  structure  via  microwave  imagery  may  help  to  isolate  the 
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factors  that  may  contribute  to  evolution  from  a  mid-level  vortex  to  a  low-level  vortex, 
and  thus  advance  understanding  of  how  these  dangerous  tropical  cyclones  form. 
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